In this paper, we demonstrate a general-purpose macroscopic refrigerator based on the transport of electrons through superconducting tunnel junctions. Our refrigerator is intended to provide access to temperatures below those achievable using pumped 3 He. The refrigerator is cooled by 96 normal-metalinsulator-superconductor (N-I-S) junctions divided among three separate silicon substrates. The use of thin-film devices on different substrates shows the potential to achieve higher cooling powers by connecting N-I-S devices in parallel. Improving on previous work by Lowell et al. [Appl. Phys. Lett. 102, 082601 (2013)], we demonstrate a larger temperature reduction, a more robust mechanical suspension, and a new electromechanical heat switch that will make it easier to integrate our refrigerator into other cryostats. The electromechanical heat switch has a measured thermal conductance in the on state of 1.2 AE 0.3 μW=K at 300 mK and no measurable thermal conductance in the off state. We observe a temperature reduction from 291 to 233 mK and infer cooling to 228 mK on longer time scales. The cooled payload is a metal stage whose mass exceeds 150 g and with 28 cm 2 of area for attaching user-supplied devices. Using the product of the cooled mass and the temperature reduction as a performance metric, this work is a more than tenfold advance over previous efforts.
I. INTRODUCTION
Subkelvin temperatures play a growing role in both applied and basic science. Low-temperature detectors are now used in applications such as single-photon detection [1] , standoff passive imaging for concealed weapons detection [2] , and nuclear materials analysis [3] . Lowtemperature detectors are also now used in searches for weakly interacting dark matter [4] and an inflationary epoch in the early Universe [5] . However, subkelvin refrigeration is still challenging, especially below the minimum boiling point of 3 He, which is about 300 mK.
Currently, temperatures below 300 mK are reached using adiabatic demagnetization or dilution refrigerators. These two types of coolers are capable and well developed but also are significantly more complicated than technologies that can reach 300 mK, such as pumped 3 He. Therefore, the development of a compact, easy-to-use, and simple refrigeration technology to cool from 300 mK to lower temperatures is of considerable practical interest. One candidate technology is refrigeration using superconducting tunnel junctions [6] .
Following the first publication of superconducting tunnel-junction refrigerator concepts [7] and the first demonstration of heat transfer from a normal metal to a superconductor [8] , significant progress has been made towards practical tunnel-junction refrigerators over the last two decades. Normal-metal-insulator-superconductor (N-I-S) refrigerators have demonstrated large electronic temperature reductions [9, 10] and large cooling powers [11, 12] . They have cooled bulk objects [13] and lithographically integrated detectors [14, 15] . Very recently, we demonstrated a general-purpose refrigerator using N-I-S junctions where general purpose refers to a refrigerator that can cool user-supplied payloads, different payloads at different times, and payloads that are coupled to the refrigerator at a time of the user's choosing [16] . However, our proof-of-principle refrigerator has limitations including a fragile suspended stage, a small area for payload attachment, the need for modification of the surrounding cryostat to accommodate a mechanical heat switch, and only modest temperature reduction. In the work of Ref. [16] , a temperature reduction of 34 mK from launch temperatures near 300 mK was observed in a stage whose mass was about 25 g.
In this paper, we demonstrate a far more robust generalpurpose refrigerator with a cold stage area of 28 cm 2 . Additionally, our refrigerator has an integrated electromechanical heat switch that is actuated via two superconducting wires to simplify the integration of the refrigerator with other cryostats. When cooled with N-I-S junctions, we show the temperature of the stage is reduced from 291 to 228 mK, which is a significant improvement over previous results.
II. THEORY AND FABRICATION
In an N-I-S junction biased near the energy gap of the superconductor, the most energetic electrons in the normal metal preferentially tunnel to the superconducting electrode so that heat in the normal metal is pumped to the superconductor [8] (Fig. 1) . In order to cool a galvanically isolated macroscopic stage, we have to cool phonons in the normal metal and in the stage in addition to the electrons in the normal metal. Phonons in the normal metal can be cooled via the electron-phonon coupling in the film by extending the normal electrode onto a thermally isolated membrane. If the membrane is thin enough, phonons in the membrane will be decoupled from the phonons in the bulk substrate while remaining coupled to the cooled electrons [17] . After cooling the phonons in the membrane, we need to couple the cooled phonons to other objects such as the copper stage of our macroscopic refrigerator. To achieve this, we use gold wire bonds to connect a galvanically isolated metal film on the cooled membrane to the macroscopic stage. The N-I-S devices used in this work are the same devices used in previous experiments and are described elsewhere [16] .
III. ROBUST COOLING STAGE AND ELECTROMECHANICAL HEAT SWITCH
One important component of this work is improvement of the cooling stage compared to our previous efforts [16] . Our first stage was highly susceptible to mechanical vibration such that routine movements in the surrounding laboratory produced measurable heating. Therefore, we build a new stage whose suspension system is based on the designs of Roach [18] . The stage is suspended by eight Kevlar strands each with a 0.2 mm diameter and 5 cm in length. We choose Kevlar because it has a low thermal conductance while being structurally rigid when under tension. The stage is deflected by only 25 μm under a vertical load of 2.5 kg.
The stage has a usable experimental area of 4.45 × 6.38 cm 2 and consists of 125 g of oxygen-free highconductivity copper, 11 g of aluminum, and 17 g of brass.
We make electrical connections to the stage using five NbTi superconducting wires each with 40 μm diameter and about 20 cm length. The temperature of the stage is measured using a conventional ruthenium oxide (RuOx) resistance thermometer.
Six Au wire bonds connect the stage to six N-I-S devices mounted on the warm side of the Kevlar suspension (see Fig. 2 ). The Au wire bonds are 25 μm in diameter and about 1 cm in length. We measure the thermal conductance G between the suspended stage and the frame with Kevlar superconducting wires and Au wire bonds connected to be 7.9 AE 0.1 nW=K [19] at 300 mK. By design, this G is low to enable cooling by the N-I-S junctions, so a heat switch is needed to increase the thermal conductance of the stage to the rest of our cryostat during precooling, for example, from room temperature. However, the same switch must have a thermal conductance well below that of the Kevlar and wiring when in its off state.
In previous work, we used a heat switch that was actuated by pulling a fine cord that ran to room temperature. While this approach was successful, installation of such a cord into a new cryostat is a significant modification. Since our goal is the development of a self-contained N-I-S cooling module that can be easily integrated into other cryostats, we design and build an electromechanical heat switch that can be actuated using only electrical signals. With such a heat switch, our improved macroscopic N-I-S refrigerator can be easily mounted to and operated within other cryostats.
The design of our electromechanical heat switch is related to that of a latching solenoid. As shown in Fig. 3 , the heat switch consists of three permanent magnets with poles aligned. The location of the outer two magnets is fixed while the central magnet can slide within a copper tube between the fixed magnets. A fine copper wire attached to the central magnet provides heat sinking while permitting motion. The mobile magnet can latch to either of the two fixed magnets. The common axis of the three magnets is shared by a superconducting solenoid. Current flowing in the solenoid applies a force to the mobile magnet whose direction depends on the polarity of the current.
The electromechanical heat switch is mounted on the 300-mK shield of our refrigerator, and a gold-plated copper foil extends from the suspended stage to the space between the center and right-side magnets. One direction of current to the solenoid draws the central magnet to the right side of the switch, pinching the copper foil from the stage between the two magnets and closing the heat switch. The other Normal-metal-insulatorsuperconductor tunnel junction FIG. 1. Density of states in a N-I-S tunnel junction. Occupied states are shaded from blue to red, where blue corresponds to low energy, and red corresponds to high energy. When a voltage bias near 0.9 Δ=e is applied to the junction, the most energetic electrons in the normal metal will preferentially tunnel to the superconductor. This tunneling lowers the average energy of electrons in the normal metal, thus, cooling its electron system. direction of current pushes the central magnet to the left side of the switch, breaking contact to the copper foil and leaving the suspended stage thermally isolated. Hence, the physical principle that determines the on-state conductance is the attractive force between two permanent magnets.
The operating principle of the switch described here is significantly different compared to prior work. So-called gas-gap switches are widely used at very low temperatures [20, 21] , but the walls that contain the gas volume have a finite off-state conductance that is typically too high for our application. Mechanical heat switches have near zero offstate conductance [22] but are often physically large and can dissipate too much energy when actuated for use at 300 mK. Heat switches based on the thermal conductivity variation of metal foils or wires between their normal and superconducting states have been used to obtain very highconductance ratios [23] . A superconducting switch based on a material with a transition temperature above 3 K to minimize its electronic thermal conductivity at 300 mK might be a candidate for our application, but we do not pursue such an approach.
We use samarium cobalt (SmCo) permanent magnets since they retain their magnetic moment at cryogenic temperatures better than many other types of rare-earth magnets [24, 25] . In order to keep the switch compact, we use cylindrical magnets with 6.35 mm diameter and 6.35 mm thickness. We measure the minimum force to separate the two magnets with a push-tip tension force gauge. The force required to separate the two magnets is about 1 N at room temperature. The solenoid is wound from 0.1-mm-diameter insulated NbTi superconducting wire with a CuNi matrix. The solenoid has a length of 2.5 mm, an inner radius of 9.4 mm, an outer radius of 25 mm, and contained 1200 turns of wire. A current of 70 mA through the solenoid is sufficient to push and pull the central magnet from one side of the switch to the other.
To determine the optimal location of the three magnets and the solenoid, we make a prototype heat switch where the spacing between components can be adjusted. From tests at room temperature, we determine a successful geometry and then fabricate a second switch where the component locations are set by the two copper spacers shown in Fig. 3 . During room-temperature operation, current must be supplied to the solenoid to change the state of the switch but not to maintain the switch in either the open or closed positions. However, we find during cryogenic operation that the central magnet is not stable in the open position unless 30 mA of current is kept in the solenoid. Because the solenoid is superconducting, this current does not dissipate power, but a mature version of the switch will not require a current in a steady state. Because the magnetization of SmCo changes with the temperature, we believe the spacings determined at 300 K are not optimal for operation at 300 mK.
To test the reliability of the heat switch, we open and close it 1000 times at 300 mK and observe that it operates properly each time. We measure if the switch is open or closed by determining if there is a galvanic connection between the suspended stage and the rest of the cryostat. We measure the energy deposited at 300 mK from actuating the switch to be about 100 μJ [26] . We measure the thermal conductance of the heat switch by depositing power P on the suspended stage with the switch closed and recording the temperature difference ΔT between the stage and the surrounding heat bath. The thermal conductance G is given by P=ΔT so long as ΔT is much smaller than the 300-mK bath temperature. At 300 mK, our measured G is 1.2 AE 0.3 μW=K, which is suitable for our application. When the switch is open (off), the disappearance of the galvanic connection between the stage and the rest of the cryostat suggests the absence of a thermal pathway. The measured conductance between the stage and cryostat sets an extremely conservative upper bound on the off-state conductance of 7.9 AE 0.1 nW=K where this figure is dominated by the Kevlar, wiring, and connections to the tunnel junctions.
To compare our measured on-state conductance to historical data for pressed contacts, we use an expression for the thermal conductance of a pressed joint between two solids as a function of temperature, force, and contact material [27] . For 1 N and 300 mK, this expression predicts thermal conductances of 14.5 μW=K for gold-to-gold contacts and 0.7 μW=K for copper-to-copper contacts. We use gold-plated copper contacts and our results fall in between the predicted values. In the future, it may be possible to increase the G of the heat switch by using more powerful permanent magnets, by using current in the solenoid to increase the closing force, and by optimizing the choice of the contacting surfaces.
IV. COOLING PERFORMANCE
We measure the temperature reduction of the tunneljunction refrigerator in the following manner. First, we precool our apparatus to about 300 mK using an adiabatic demagnetization refrigerator (ADR). During precooling, the heat switch between the suspended stage and the surrounding heat bath is closed. Once the suspended stage temperature reaches 291 mK, it is isolated from the rest of the cryostat by opening the heat switch and allowed to settle for an hour, as shown in Fig. 4 . Then, we bias the refrigerator junctions for cooling. Cooling is performed using six separate tunnel-junction refrigerator devices each with 16 junctions. The six devices are deposited on three separate silicon substrates. The bias current for the entire experiment is supplied using a single pair of wires because all the junctions are electrically connected in series. The optimal bias current of 2 μA is previously selected by finding the point on the current-voltage curves of the refrigerator junctions that show the largest voltage enhancement in the subgap region which corresponds to the point of maximum cooling. The bias current is supplied using a battery in series with a 100-kΩ resistor. These results demonstrate the very modest infrastructure required to operate tunnel-junction refrigerators.
While the internal temperature of the refrigerator junctions is determined using their current-voltage curves, the temperature of the suspended stage is directly and unambiguously measured by a RuOx resistance thermometer. After about 20 h of cooling by the 96 junctions, the temperature of the suspended stage falls from 291 to 233 mK, a temperature reduction of 58 mK, which is a significant improvement over previous results [16] . Small   FIG. 4 . Temperature of the suspended stage measured by a RuOx resistance thermometer versus time in hours. The solid blue line is the measured stage temperature, the dotted brown line is a fit to the temperature of the stage that is extended to show the ultimate base temperature of the experiment, and the dashed red line is the launch temperature of the refrigerator. The state of the N-I-S junctions is indicated at the bottom of the figure. features in the stage temperature of Fig. 4 at hours 9 and 16 are due to vibrations from the transfer of liquid nitrogen into the surrounding cryostat.
After 20 h, the cold heat capacity of the surrounding ADR is almost exhausted, so we turn off the current bias to the junctions. As shown in Fig. 4 , the temperature of the suspended stage then begins to increase. It is clear from the shape of the curve in Fig. 4 that the stage has not yet reached its base temperature. While the cooling power of the junctions and the power loads on the stage have complex temperature dependencies, we are able to fit the cooling curve to the functional form,
where T is temperature, t is time, and a, b, and τ are constant, in order to determine its asymptotic behavior. The results of the fit are also shown in Fig. 4 and indicate that the ultimate temperature is 228 mK, which is 63 mK colder than the launch temperature. The ultimate temperature of 228 mK is warmer than expected. Based on previous measurements of the 16 junction subunits, we expect the temperature of the suspended stage will be reduced to 185 mK [28] . Since the base temperature of the cooling subunits is known as a function of applied power, we can deduce the power load on the stage and compare to the predicted load. The predicted load through the Kevlar and NbTi wires is 218 pW when these connections span the temperature range 291 to 228 mK. Consequently, an additional power load of 684 pW is needed to account for the discrepancy between the expected and observed temperature reduction of the stage. The warm-up rate of the stage after hour 20 is also consistent with an additional power load in this range.
Thermal models for N-I-S tunnel-junction refrigerators are well established and balance the cooling power of the junctions against loads from electron-phonon coupling in the normal electrode, the so-called quasiparticle backflow from the superconductor, Andreev currents, and hot phonons absorbed by device components on the membrane [10, [30] [31] [32] [33] . Coupling to a macroscopic stage introduces additional power loads from the mechanical and electrical connections to the stage. All of these terms are included in our power balance estimates. However, two power loads specific to the macroscopic stage are not included in thermal models to date. The first is long-term heat release from the epoxy on the suspended stage used to immobilize the Kevlar [23] . Since the ADR is periodically cycled to 4 K, the epoxy may never properly thermalize at the 291-mK launch temperature. The epoxy can be removed in the future. The second is power loading from the slow conversion of orthohydrogen to parahydrogen after cooling from 300 K. Molecular hydrogen in copper is known to precipitate into bubbles [23] . For a plausible but speculative H 2 concentration of 10 ppm, the estimated power load is within an order of magnitude of the observed value [34] . The stage copper can be heat treated in the future prior to assembly.
Another possible explanation is that the silicon block under one of the six N-I-S membranes touches the metal underneath. Ordinarily, the silicon blocks are several micrometers above the metal. However, the process of connecting the N-I-S devices to the stage or roughness on the metal surface can cause contact that results in an extra power load. Detailed modeling of tunnel-junction refrigerators that are not attached to a macroscopic stage is in excellent agreement with the data [10] , so our present difficulties are clearly due to the stage. Improving the agreement between the predicted and achieved temperature reduction is an important topic of future work.
We define the surplus cooling power as the power that can be added to the stage before the stage temperature rises 10 mK above its baseline value. Using this definition and including the mysterious 684-pW load, the surplus cooling power at the present 228-mK base temperature is calculated to be 189 pW. If the power load on the stage matches our predictions, then we calculate a surplus cooling power of 149 pW at a 185-mK base temperature. These cooling powers are low compared to other refrigerators such as ADRs and dilution refrigerators. However, the dissipation of typical cryogenic detectors, such as transition edge sensors, is only about 10 pW per device. In addition, we show that more junctions can be attached in parallel to increase the cooling power.
Recent modeling of tunnel-junction refrigerators like the ones used in this work predicts that technologically interesting temperature reductions are possible [29] . In particular, the modeling shows that a fully optimized macroscopic stage can be cooled from 300 to 100-110 mK. Looking further into the future, related tunneljunction devices have recently demonstrated large electronic temperature reductions from launching temperatures of l K and 100 mK [35, 36] . These results suggest that multistage tunnel-junction refrigerators may be able to cool macroscopic payloads from near 1 K to below 100 mK.
V. CONCLUSION
In this paper, we demonstrate a thermally isolated and mechanically robust stage with an integrated electromechanical heat switch. The new mechanical suspension of the stage greatly reduces its susceptibility to mechanical vibrations from the outside environment. The new electromechanical heat switch operates on the principle of electrically induced magnetic latching and makes the integration of the stage into other cryostats significantly simpler by eliminating the need for a mechanical linkage to 300 K. The heat switch has a measured thermal conductance of 1.2 μW=K at 300 mK in the on state and no thermal conductance in the off state. We are able to operate the switch 1000 times in a row without error. The stage provides an area of 28 cm 2 for other experiments. We cool the new stage using six discrete normal-metalinsulator-superconductor tunnel-junction devices, each with 16 junctions. The tunnel-junction devices are distributed among three distinct silicon chips; these results clearly demonstrate the potential of N-I-S devices to provide increased cooling power when connected in parallel. The tunnel-junction refrigerators are able to reduce the temperature of the stage from 291 to 228 mK, and larger temperature reductions are anticipated in the future.
